Although the ionic bases of action potential propagation and synaptic transmission are now known in considerable detail, knowledge of the structural events that underlie these neuron activities has remained elusive. Recently the optical properties of neurons were found to change during their activity. Since the optical experiments were designed to provide information about neuron structure, it seemed appropriate to attempt a critical review of the information available and to suggest possible directions for future experiments. Structural changes at several levels are considered, from molecular reorientations in axon membranes to changes in CCdistinctness" of presynaptic terminals as viewed in the light microscope. Since our knowledge of structure changes that occur during neuron activity is quite primitive and remains closely tied to the methods used to measure structure, it seemed best to organize the review so as to discuss the contributions from the various methods individually; this organization is followed except in rare instances where more than one technique provided information about a single 373 structural event. This review concentrates on experiments carried out with a time resolution in the millisecond range rather than on those measuring changes that occur over minutes or hours; changes that occur in days or months have been discussed elsewhere (229). Although I have tried to provide references for each of the techniques used to measure changes in neuron structure, a comprehensive literature review was not attempted.
Earlier reviews on this subject were written by Ludkovskaya (192) (7, 12, 83, 94, 112, 150, 176, 239, 255) reported histological changes related to activity in a variety of neurons, others (128, 17 1, 190) were unable to reproduce some of these results. In these experiments no attempt was made to decide whether the structural changes resulted from action potential or synaptic activity. Similarly it is not possible to decide whether the reported changes in nucleic acid and lipid metabolism (11 l), sulfhydryl groups (80, 273), protein hydrolysis (150, 272), protease activity (272), acridine orange fluorescence (l), volume (86), RNA (28, 33, 69, 80, 86, 172, 225) , phosphorus (173), sulfur (173), and protein (2, 225) contents were related to synaptic or action potential activity. Sections II and III consider structural changes during action potential propagation and then changes during synaptic transmission. Section rv suggests possible applications of the experiments that have been done.
II. ACTION POTENTIALS A. Ionic Basis of Propagation
Because of its large size and easy availability, the giant axon from the squid has provided an excellent preparation for studying the ionic basis of action potential propagation (60, 140, 142, 144, 165) . The squid axon membrane is the boundary between solutions of rather different ionic composition.
The internal solution, the axoplasm, has approximately 40 times as much potassium as the external seawater but only >io as much sodium. Assuming that the permeabilities to other ions are negligible, then the membrane potential will be determined by the relative permeability to sodium and potassium. If we arbitrarily set the resting sodium permeability equal to 1, then the resting potassium permeability is approximately 20. Since the potassium permeability predominates in the resting axon, we would expect the resting potential to be near the potential predicted by the Nernst equation for potassium, which for a factor of 40 in concentration is about -90 mv. The dashed line (potential) in Figure 1 shows that the resting potential for the axon is reasonably close to the predicted potential.
The depolarization at the beginning of 1 msec FIG. 1. Action potential and permeability changes in a giant axon from the squid (Loligo forbesi). Action potential is shown in dashed line, sodium permeability change in curve labeled gNa, and potassium permeability change in curve labeled gK. Potential scale was fixed by assuming a resting potential of -60 mv. Temperature 18 C. [Modified from Hodgkin and Huxley (142) .1 the action potential triggers a rapid and dramatic increase in the sodium permeability (solid line, gNa), which reaches a value of approximately 600 times the initial sodium permeability (estimated from equation 6.0, ref 144) within half a millisecond. Since the sodium permeability is now much larger than that for potassium, we expect the membrane potential to approach +58 mv given by the Nernst equation for sodium, and the peak of the action potential d .oes approach that value. Then, starting at about the peak of the action potential, the sodium permeability drops rapidly while the potassium permeability (solid line, gK) increases from 20 to 450. The potassium permeability now predominates, and the tential returns to a value near the Nernst potential for potassium.
membrane PO-
Because the membrane has a substantial capacity, about 1 pf/cm2, the membrane potential does not immediately follow the changes in permeability, but the permeability changes allow sodium and potassium ion currents to flow down their electrochemical gradients and these currents change the potential. There are net inward sodium and net outward potassium currents, both reaching current densities of about 1 ma/cm2. Thus at least three kinds of events occur during the nerve inpulse: the potential change itself, the ionic currents that move the potential up and then back down, and the transient permeability increases that allow the currents to flow. We have felt that it was essential to determine which of these three events were responsible for each identifiable change in axon structure. The high internal potassium and low internal sodium concentrations of the squid axon can be maintained in either of two ways. In the living squid an active transport mechanism (145) whose energy is supplied by ATP (38, 230) maintains the ion gradients. Or the internal ion composition can be artificially and arbitrarily maintained by the investigator by removing the axoplasm and perfusing the axon internally (5, 264, 268 ). An axon internally perfused with 0.57-M potassium salts will propagate hundreds of thousands of action potentials (5).
B. Early Measurements of Structure Changes
While the Cambridge school was completing the description of the ionic basis of the action potential, attempts to directly measure structure changes during or after action potential activity were just beginning. Changes in mechanical properties, in dye binding, and in light scattering were all discovered in the late 1940 's. In 1947 reported that stimulation increased the turgidity and decreased the flow of axoplasm from cut ends of a giant axon, and Kornakova et al.
(175) reported that stimulation increased the resistance of a Using a more objective measure of turgidity, Cragg (67) was nerve to twisting. unable to detect a change during stimulation but did confirm the effect of stimulation on the flow of axoplasm from the cut end. Although Kornakova and Frank (174) in 1952 improved the response time of the system measuring resistance to twisting, relatively long trains of stimuli still had to be used to measure a change. As far as I know there have been no further attempts to measure changes in such mechanical properties of axons.
In 1949 Golovina (123) and in 1950 Ushakov (275) reported increased binding of the dye neutral red as a result of stimulation.
The amount of dye binding was measured by stimulating the nerve in the presence of dye for several minutes, washing in dye-free seawater, extraction, and then calorimetric estimation. With this technique no information about the time course of the change in dye binding was obtained.
Similar observations were later made in myelinated nerve and cuttlefish giant axons (214, 278) . Recently Levin et al. (185, 186) determined the time course of the changes in binding of direct turquoise and heliogen blue and provided evidence that the measured changes were actually due to changes in binding and not to changes in dye permeability.
They estimated that 0.1 pmole of dye was desorbed per square centimeter of membrane for each action potential. However, to get a measurable change the nerves had to be stimulated at more than 25 times/set; further improvements in technique will be necessary before the time course of dye binding can be directly compared with the time course of the action potential.
D. K. Hill (133) was in the midst of measuring light scattering from frog muscle when Keynes suggested that the same instrument could be used to look for changes in scattering from crab nerve. Hill and Keynes (136) quickly found that stimulating a crab nerve in Ringer solution at 50/set for 5 set resulted in a scattering increase that occurred during and after the stimulus train. Hill (134) later found that the increase in scattering reported by Hill and Keynes (136) was inappropriate for crab nerve in seawater; during stimulation in seawater there was a decrease in scattering. This finding was confirmed (34, 35, 53, 191) and extended to myelinated nerve (195, 242) . But, except for rare occasions (136, 269), it was not possible to measure a change after an individual stimulation; even in such cases the response time of the light-recording apparatus was so long that the time course of the scattering change could not be accurately determined.
After an interval of approximately 15 years, using a signal averager to increase sensitivity, I was able to determine the time course of scattering changes after individual stimuli in crab nerve and these results were reported to the Physiological Society in 1967 (52). Although this experiment seemed promising at the time, it was soon recognized that interpretation would be difficult because it was impossible to measure adequately the compound action potential in crab nerve. It seemed that the only recourse was the measurement of optical changes in preparations like the squid giant axon or eel electroplaque, where the time course of the action potential was easily determined.
C. Preliminary Considerations
The fact that the perfused giant axon would propagate essentially normal impulses convinced even nonneurophysiologists that the axon membrane was of paramount importance and added to the physiological evidence that essentially all the potential changes occur across the axon membrane and all the permeability changes occur in the membrane.
If everything happens in the membrane, we can make rough estimates of the upper limits for possible changes in optical (or other) properties of the axon. On very general grounds one would expect that the amount oi light scattering or ultraviolet absorption of an axon to be roughly proportional to the dry weight of its protein and lipid components.
But, in a giant axon lo7 A in diameter with a membrane only lo2 A thick, the membrane comprises only lo-4 of the axon's dry weight. If there were a 100 % change in the membrane's optical property, we would still measure a change of only 10B4, a relatively small upper limit. This upper limit is used later to suggest that reports of much larger changes probably result from artifacts. However, there are two ways to obtain a larger fractional change. The first is to study properties that are specific for membranes, such as the fluorescence of a dye that specifically binds to membranes. Electron microscopy indicates that the axon membrane makes up about 10-l of the total membrane in the giant axon preparation, so that a 100 % change in an axon membrane-specific property would lead to a change of IO-l, larger by 3 orders of magnitude.
A second way to obtain a larger change is to use a preparation with smaller axons. For example, in a crab nerve, whose axons have an average diameter of about 1 .O pm, the axon membrane makes up about 1O-2 of the dry mass, so that a 100 % change in membrane properties would lead to a change of low2 or 2 orders of magnitude larger than in a giant axon. in section IIC, the signal-to-noise ratio was barely 1, even after averaging 20,000 sweeps. Considerable improvements in the apparatus were required before we were able to obtain the record shown in Figure 2 . The retardation change is shown in the heavy, noisy trace, and the action potential, measured at the same time and place with an internal microelectrode, is shown in the thin trace. There actually was a decrease in retardation during the action potential; the intensity trace has been inverted in order to compare its time course with the time course of the action potential.
The result of this simple experiment provided an important clue about the origins of the retardation change, for the retardation change had a time course similar to that of the potential change and therefore not similar to that of the permeability changes (Fig. 1) show the imposed voltage steps (A), the resultant current density (B), and the retardation change (C) when there was no compensation for the resistance in series (143) with the membrane.
During the hyperpolarizing voltage step (Fig. 3,  left) , the ionic currents were quite small and there was no permeability change. Only membrane potential changed. The increase in retardation (C) that occurred at this time had the same time course as the potential and was therefore potential dependent.
However, the retardation change occurring during the depolarizing step (Fig. 3, right) was more complicated.
Not only was it smaller than the corresponding change during the hyperpolarizing step, but its shape was not rectilinear; part of the decrease had a time course similar to the time course of the current. It was still possible that the retardation change was potential dependent, because of an artifact in the voltage-clamp method. In the absence of electrical compensation for the series resistance, the potential across the membrane is not rectilinear (143, Fig. 17 ). The bottom trace (D) in Figure 3 shows the retardation change when compensation for the series resistance was used; the retardation change during the depolarizing step was more rectilinear. Thus when compensation was used to keep the membrane potential rectilinear the retardation change during the depolarizing step was rectilinear, and again the retardation change and the potential change had the same time course. We concluded that the retardation change was, as far as we could tell, potential dependent. This conclusion of course is limited by the uncertainties in applying the correct compensation for the series resistance, by the well-known difficulties in successfully space-clamping the axon, and by the fact that, even after compensation for the series resistance, the retardation change was not completely rectilinear. As indicated in Figure 3 , the retardation increase during the hyperpolarizing step was larger than the decrease during the depolarizing step, even though the steps were of equal size. Similarly the retardation change during the positive phase (undershoot) of the action potential was also relatively larger than the decrease during the depolarizing spike (Fig. 2) Thus the results from current measurements suggest an internal negative fixed charge with a separation of 27-40 A and an external negative fixed charge with a separation of 1 l-l 8 A. Since the birefringence experiment suggested either an external positive fixed charge or an internal negative fixed charge of much higher density, the results of the two types of experiments cannot be explained in terms of the same group of charges. One possible explanation is to suppose that it was an oversimplification to consider the charges to be smeared. For example there might be both positive and negative fixed charges on the outside, with the molecules responsible for the birefringence change closer to the positive charge and the molecules responsible for the currents closer to the negative charge. The potential-dependent light-scattering changes (55) would require an altogether different charge separation, again suggesting that it is important to consider the discrete nature of the fixed charge.
E. Fluorescence I) Extrinsic fluorescence. The fluorescence spectra and quantum yield of many molecules are environmentally sensitive, and such molecules will exhibit spectral shifts or quantum yield changes when their microenvironment is changed. Molecules sensitive to viscosity, pH, solvent polarity, and specific chemical neighbors are well known. Some of these molecules act as axon dyes, i.e. they bind to living axons, and the study of such molecules may provide information about environmental changes that occur during propagation.
In 1964 Shtrankfeld and Frank (249) reported that trains of 1 03-lo5 stimuli led to a reversible 10 % reduction in fluorescence intensity (measured photographically) from giant axons stained with primulin. Because of the poor time resolution of the photographic technique they used, it was difficult to determine the origins of the decrease. More recently, using apparatus of better time resolution, Tasaki and Watanabe and their collaborators (267) found changes in extrinsic fluorescence resulting from individual stimuli. They showed that, when fluorescent dyes were added to the axon, the measured fluorescence intensity of the dye changed during the action potential. Although they first used the dye 1 -aniline-8-naphthalene sulfonate (ANS) , they soon found fluorescence changes with 13 other dyes (262, 263) . Figure 6 illustrates the results of a similar experiment that we (48) carried out using a giant axon, measuring the ANS fluorescence intensity (noisy trace, thick line) and the action potential (dotted line) simultaneously.
The ANS was added to the external bathing solution. Patrick et al. (221), Valeur et al. (277) , and Tasaki et al. (263) had earlier obtained similar results; it is only for convenience that I show our result. Although the fluorescence change seems slightly slower than the action potential, the lag can be attributed Figure 7 show the changes in ANS fluorescence that accompanied the potential steps shown in the third line. The first line gives the result for ANS added to the outside of the axon; the second line illustrates a similar experiment with ANS microinjected into the axoplasm. The top trace shows that the fluorescence intensity decreased during the hyperpolarizing step (on left) and that the decrease had the same time course as the potential step. By definition this fluorescence change was potential dependent.
If we now look at the fluorescence during the depolarizing step (on right), we find a change that is opposite in direction but similar in time course and size to the decrease that occurred during the hyperpolarizing step. The fluorescence increase during the depolarizing step is just what would be predicted from the potential-dependent change that oc- Origin of potential scale is resting potential (R.P.) [From Cohen et al. (48).] curred during the hyperpolarizing step. ANS fluorescence seems to ignore the large currents and permeability changes that occur during the depolarization. Thus we concluded that the ANS fluorescence intensity changes were potential dependent.
Since the fluorescence changes during hyperpolarizing and depolarizing steps were of approximately equal size, it seemed likely that ANS fluorescence was linearly related to potential; Figure 8 shows that this was the case (48, 58, 59, 71 Both mechanisms predict that a depolarization will lead to a decrease in fluorescence when ANS is on the inside of the membrane and an increase when ANS is external, and Figure 3 shows that this was the result.
A fourth class of trivial mechanisms that would act on charged dyes might be called an electrophoresis effect. If in the resting state ANS (negatively charged) is bound at the outside (membrane-seawater) interface, then a depolarization, which makes the inside of the membrane more positive, tends to electrophorese the ANS so that it is now closer to the center of the membrane.
If the membrane interior is more hydrophobic or more viscous than the interface, we would expect an increase in fluorescence for a depolarizing step. Similarly, for ANS on the inside of the membrane, a depolarization tends to pull the ANS out of the membrane and leads to a decrease in fluorescence. Thus this mechanism also correctly predicts the sign of the experimentally determined fluorescence changes (Fig. 7) .
As (30, 42, 204, 240, 241) . Further experiments will be needed to decide which environmental variable was most important.
2) Fluorescence changes with TM'. TNS was one of the dyes whose fluorescence change we found to be linearly related to potential (see above). To us this was not surprising, as the chemical structure of TNS is rather similar to that of ANS.
However, our experiments were carried out using unpolarized light for excitation of the TNS and since that time Tasaki and collaborators have obtained remarkable results using light polarized parallel to the axon's axis (129, 265, 266) . In their early experiments (265) an additional polarizer (analyzer) was placed between the axon and photodetector.
When the analyzer was oriented to pass light polarized parallel to the axon's axis, a fluorescence decrease was measured during the action potential.
However, when the analyzer's axis was perpendicular to that of the axon, no fluorescence change was measured. It was concluded (265) the illuminating beam was interrupted by a shutter mechanism that could be opened for 0.3 msec at various times after stimulation of the squid axon. In this way light scattering was measured during trains of action potentials, first from the resting axon, then during the rising phase of the action potential, then during the falling phase, and finally during the recovery period. Their apparatus allowed the scattering to be measured at scattering angles between 20" and 170". However, the scattering increases they reported at 20"~50" were l-3 X IO-l, larger than might reasonably be expected (see sect. IIC), and about lo5 larger than the changes we (55) subsequently found at those angles. There must have been artifacts in their measurements.
We also measured light-scattering changes at various angles, and Figure 10 shows the change in scattering at 90" (heavy trace) along with the action potential (thin trace). This easy experiment quickly showed that the light-scattering changes were qualitatively different from birefringence and fluorescence, for there seems to be two components to the scattering record in Figure 10 , a transient increase during the action potential followed by a second long-lasting component that reached a peak some 20 msec after the action potential.
Clearly both components could not be potential dependent and voltage-clamp experiments would be necessary to determine the origins of these changes. Figure  11 shows the 90" light scattering measured during hyperpolarizing (on left) and depolarizing (on right)
voltage steps. Comparison with Figures 3 and 7 again shows that the scattering changes had different origins from the changes in retardation and fluorescence. There was a big scattering change during the depolarizing step, where the currents and permeability changes were large, but it takes some imagination to discern the scattering change during the hyperpolarizing step. As this record suggests, there was a decrease in scattering during hyperpolarizing steps, and when 10 times as many sweeps were averaged to obtain a better signal-to-noise 
Current
densities are shown in bottom line. ? here was a large scattering change during depolarizing step but only a small change during hyperpolarizing step. Temperature 19 C; 9 X lo2 sweeps averaged.
[ From Cohen et al. (56).] ratio, we could show that this relatively small change was potential dependent. The potential-dependent light-scattering changes are discussed further in reference 55. Clearly we needed to determine whether the large change found during the depolarizing step was current or permeability dependent. One way we tried to do this was to compare the scattering changes resulting from brief 50-mv and 92-mv depolarizing steps. The 50-mv step caused an increase in sodium permeability, which resulted in a large inward current. The 92-mv step also caused a large increase in sodium permeability, but the current was small because the potential reached was near the equilibrium potential for sodium ions (141). So there were large permeability increases for both steps, but only the 50-mv step resulted in a large current. Figure 12 illustrates the results of such an experiment. Only the 50-mv step, with its large current, gave rise to the scattering increase; no scattering change resulted from the 92-mv step, with its small current, and we concluded that the scattering change was current dependent and not permeability dependent.
Since we considered this an important question, two further experiments were carried out (56), both indicating that the scattering change depended on current and not on permeability increase. We then needed to decide how the scattering change depended on current. Since the increase in Figure 12 reached a peak some 5-10 msec after the end of the current, clearly it did not depend directly on the instantaneous value of current. Further experiments (56) showed that the size of the scattering change depended on the time integral of the current rather than its instantaneous value or the ion carrying the current across the membrane. Whereas inward currents led to increased scattering, outward currents led to a decrease in scattering, which again reached its peak some milliseconds after the end of the current step. and in terms of structure (it represents a volume change in the periaxonal space). Although the identification of the structural basis of optical changes remains a very difficult problem, the success with this scattering change gives hope that the structural basis of other optical changes can also be determined.
The above results indicated that the light-scattering changes at 90" depended mainly on the integrated current but also on changes in membrane potential. The same scattering changes were also found at scattering angles from 60" to 120". At more forward angles the light-scattering changes had different time courses and different signs, but voltage-clamp experiments showed that these also depended both on the integrated current and on membrane potential (55, 56).
G. Ultraviolet Absorption
Ungar and collaborators (272) stimulated rat and frog sciatic nerve at 60/set for 5-l 20 set, then homogenized and extracted the nerves and measured the ultraviolet absorption of the soluble supernatant. They determined the ratio of optical densities at pH 12 and 7 and found that stimulation increased the ratio over the wavelength range 230-320 nm. I am not aware of attempts to confirm this result. 10-l (198) . But even changes of 3 X lOA are larger than expected (see sect. IIC).
J%wn (89) was unable to confirm the result claimed for frog nerve, and similarly our attempt to measure a change in ultraviolet absorption in giant axons from squid was unsuccessful;
an upper limit on such a change was put at 5 X 10e3 (A. von Muralt, L. B. Cohen, and R. D. Keynes, unpublished observations). et al. (244, 245) recently began the study of changes in infrared absorption associated with activity. They measured the difference spectra of stimulated and resting nerves and reported significant differences at 23 wavelengths in the range 4000-650 cm-l. The sizes of the changes they found were between 1 and 7 X 10A3, values plausible for nerves with very small axons. Because the infrared absorption spectra of organic molecules are well known and quite detailed, this technique has the advantage that the identification of the molecules involved in the change should be relatively straightforward. Sherebrin and collaborators assumed that the changes they found were potential dependent, but they have not yet tested this assumption by comparing the time courses of the absorption changes and the action potential.
H. Infrared Absorption and Emission

Sherebrin
Howarth, Keynes, and Ritchie (148), measuring nerve heat by stimulating rabbit vagus nerves in direct contact with a thermopile, compared the time course of heat production and absorption with that of the compound action potential. They found that the positive heat began when the compound action potential reached the thermopile and that the negative heat began at the same time as the falling phase of the action potential.
They concluded that the time course of the initial heat was similar to the time course of the action potential, and thus the initial heat was potential dependent. This conclusion cannot be made with great certainty, however, because in a compound action potential the time courses of the potential, currents, and permeability changes will be quite similar. Because the heat was measured over 7-or 14-mm lengths of nerve, the action potential would be in its rising phase at some places and in its falling phase at others and their temperature effects would cancel. (105), using a detector that measured infrared radiation from crab nerve, found an increase in radiation from stimulated nerves. However, they were not able to measure the time course of the change after individual stimuli, so that it is not certain whether this technique will be superior to the classical thermopile-galvanometer.
I. Volume Changes
Several investigators have obtained evidence for an increase in axon volume as a result of activity. D. K. Hill (135) studied cuttlefish axons mounted on a microscope with dark-field illumination The image of one edge of the axon was focused at a parallel slit in the objective image plane, so that changes in volume would lead to changes in light intensity passing through the slit. Figure 13 , redrawn from Hill's paper, shows the volume change resulting from stimulation at ZOO/set during the time indicated by the bar. Hill found an average increase in radius of 0.11 pm/lO,OOO stimuli, which, for a ZO-pm-diameter axon, corresponds to a volume change of 1.1 X lo3 pm3/cm2 of membrane for a single impulse. Two other results also allow a calculation of the volume increase per action potential. Using transmission interferometry, Lieberman (188) found a decrease in phase retardation after trains of action potentials in crayfish giant axons. Using a value of 1 O decrease per 2000 stimuli, and assuming a diameter of 100 ,um, the volume change works out to be 3 X lo3 pm3/cm2-impulse.
Finally, we (53) attributed the persistent light-scattering change in crab nerve to an increased axon volume, which would amount to 0.4 X lo3 pm3/cm2-impulse. The light-scattering change was not blocked by ouabain; presumably it was not related to metabolic processes related to restoration of the ionic gradients. In addition to these three measurements, which suggest a volume increase of about lo3 pm3/cm2-impulse, Bryant and Tobias (35) and Fensom (97) found that the volume of the cell decreased during the action potential.
Both observations have been repeated and confirmed (8, 9, 235) . Because the cells were not space-clamped during the measurements, comparison of the time course of the volume and pressure changes has been difficult, but Barry (8, 9) tried to surmount this problem by careful analysis and concluded that the time course of the pressure change was generally similar to that of the action potential and the time course of the volume change was similar to the time integral of the action potential.
Barry further concluded that the decrease in volume resulted from frictional coupling of water flows with K+ and Cl-movements (147). The pressure change was then attributed to the volume outflow from a hydraulically leaky elastic cylinder.
J. Chemical Composition
Since thiamine deficiency often results in neurological symptoms (282) They again found increased incorporation when the axon was stimulated, and they did not find such incorporation when label was added to the external solution, suggesting that the extra incorporation did occur in the axoplasm. Giuditta et al. (119) found that stimulation increased the uptake of labeled albumin from seawater into the axoplasm, suggesting a transmembrane tran,fer mechanism for macromolecules.
If such a transfer also occurs between Schwann cell and seawater, then the axoplasmic origin of the increased protein synthesis is less certain. Csillik (68) reported that long-term stimulation led to changes in the potassium reaction and increased granulation in the axoplasm.
Using a rapidly responding tension recorder, Lettvin and Pitts (184) simultaneously measured tension and action potentials in lobster walking-leg nerves. They reported an increase in tension that preceded the action potential in nerves stimulated throughout their length. Lettvin and Pitts reported two control experiments indicating that the tension increases were not the result of stimulus artifacts.
L. Prognosis
Many potential-dependent changes in optical properties of axons have been described and presumably many more will be found. Such changes may prove to be a powerful tool for the study of the effects of potential on membrane structure. For instance it seems possible that the study of changes in infrared absorption could be carried out in such detail that the potential profile across the membrane could be empirically determined. Unfortunately none of the potential-dependent birefringence of light-scattering changes could be identified structurally, for with these changes we could at least be certain that the optical change reflected some change in axon structure, a certainty missing in the experiments on extrinsic fluorescence.
Although potential-dependent changes have an intrinsic interest of their own, the physiologist would especially like to know the molecular basis of the changes in membrane permeability. I feel that thus far there is no really convincing evidence for an optical change related to membrane permeability. Although I am disappointed, it probably could have been anticipated if we had given enough thought to the possibility that a change in potential would produce many structural changes in the membrane and that physical measurements of permeabilityspecific changes would be swamped.
It seems clear that to find an optical change related to permeability it will be necessary to study optical changes that occur only at the membrane sites where permeability is regulated. Unfortunately the number of such sites seems to be very small indeed (167, 208) . One method that might be successful is to attach a fluorescent probe to a molecule that binds specifically to such sites. We made a very preliminary attempt to do such an. experiment by combining anthracine and tetraethylammonium into one molecule, but it had pharmacological properties similar to a local anesthetic and in any case gave a fluorescence change that was potential dependent (A. led to an extra uptake of 45Ca, presumably into presynaptic terminals.
Even in the absence of presynaptic stimulation small, randomly occurring potential changes are measured in the postsynaptic membrane. Because these potential changes had the same time course as the normal postsynaptic potential, and because the small potentials and normal postsynaptic potentials were affected in the same way by a variety of drugs, the small potentials were named miniature postsynaptic potentials. It was quickly and convincingly shown that the action potential in the presynaptic terminal acted by greatly increasing the probability of the miniature events; it was estimated that each presynaptic action potential at the frog neuromuscular junction led to approximately 300 miniature events that summed to give the postsynaptic potential.
Since the amount of transmitter released at each terminal is 6 X lo6 molecules, then each miniature would contain approximately 2 X lo4 molecules of transmitter, and thus the miniature potentials did not result from the postsynaptic action of individual transmitter mol-ecules. Somehow the transmitter substances are released in packets or quanta. Since most transmitters are relatively small ions, a simple way to quantize the release would be to quantize a permeability increase in the presynaptic membrane to transmitter dissolved in axoplasm. Evidence against this simple mechanism is presented in section IIID.
The action of acetylcholine on the postsynaptic muscle membrane has been studied in detail by Takeuchi and Takeuchi (259, 260) . They concluded that acetylcholine acted to increase the postsynaptic membrane permeability to sodium and potassium ions but not to chloride ions. The transmitter-induced currents were insensitive to tetrodotoxin and tetraethylammonium ions, indicating that the transmitter-induced permeability changes were qualitatively different from those occurring during action-potential propagation.
B. Light Scattering
Shaw and Newby (243) measured the fluctuations in 90" light scattering from locust ganglia, using a helium-neon laser for illumination. They found that depolarizing the ganglion by replacing NaCl with KC1 led to a large increase in the fluctuations of the scattered light in the frequency range of 8-4-O Hz. Since such fluctuations are related to the movement of particles in the pathway of the incident beam (46) and since the increase was partially dependent on external calcium concentration, Shaw and Newby suggested that the increased scattering resulted from increased vesicle movements regulated by calcium entry into the presynaptic terminal. Although further experiments are necessary to confirm their hypothesis, the result thus far seems quite exciting. We also have carried out preliminary experiments, with ordinary illumination, attempting to measure changes in optical properties of synapses during synaptic transmission (57, 179) . When the presynaptic neurons of a section of skate (Raia) electric organ were stimulated, two relatively large changes in 90" scattering were found (Fig. 14A ). Both were blocked by the addition of curare, suggesting a postsynaptic origin. [Jenkinson (153) showed that curare was a competitive inhibitor of acetylcholine action; curare may act by preventing the binding of acetylcholine to a postsynaptic receptor.] The increase in scattering (Fig. 14A ) began at the same time and reached a peak at about the same time as the intracellularly measured postsynaptic potential changes (15, 32), so the increase was probably potential dependent.
The long-lasting decrease in scattering was similar in time course to the time course of current-dependent scattering changes found in eel electric organ (49), suggesting that the decrease was current dependent.
Thus it seems likely that neither of the changes seen in Figure 14A is directly related to the release or action of the transmitter; they probably depend on the currents and potentials initiated postsynaptically by the action of the transmitter. To look for a scattering change with a presynaptic origin, curare was added, the calcium concentration increased, the sweep speed increased, and the amplifier gain raised. Under these conditions the trace shown in Figure 14B was obtained. The small (4 X 10m7) transient increase in scattering (arrow labeled r) precedes the postsynaptic potential. The transient increase was followed by a second increase that occurred at about the same time as the large increase in Figure 14A , suggesting that the preparation was not completely curarized. The transient increase thus seemed to be presynaptic in origin. But we needed to know whether it resulted from action potentials in the presynaptic terminals or whether it depended directly on the release process. In one experiment the transient increase was blocked when the calcium concentration was reduced and magnesium concentration raised. Since this procedure should not affect action-potential propagation but would greatly reduce transmitter release, we suggested (57, 179) that the transient scattering increase was somehow related to the release itself. Clearly more experiments are needed before this suggestion can be taken seriously. A preparation with a larger signal would certainly improve the situation.
C. Light Microscoj~y
Gramenitzki (125) was the first to visualize both the pre-and postsynaptic portion of a synapse in a living preparation when he studied the parasympathetic synapses in the interatrial septum of the frog heart. This preparation and a similar preparation in frog urinary bladder have been studied by several physiologists. Federow (96) found that presynaptic stimulation at 20-l OO/sec for several minutes first led to an increased "distinctness" of the presynaptic terminals and then to a "gelatinization" of both the presynaptic and postsynaptic cytoplasm. Bazanova et al. (14) reported that stimulation at 5/set for 2 min led to increased distinctness of postsynaptic and glial nuclei. Stimulation at lO/sec led to increased visibility of pre-and postsynaptic axons and swelling of synaptic boutons, and stimulation at higher frequencies accentuated these changes. Although McMahon and Kuffler (205) and Dennis et al. (73) recently carried out a microscopic investigation of the parasympathetic synapse in the heart, they did not mention changes in structure resulting from stimulation. Csillik (68) found that living muscles treated with lead nitrate solution, frozen, then treated with sodium sulfide to precipitate lead sulfide, showed heavy lead staining in the postsynaptic membrane and that the neuromuscular junction was quite birefringent.
When this birefringence was measured after acetone extraction, Csillik found that massive stimulation (3 X lo5 stimuli) led to a marked decrease in the intrinsic birefringence.
A similar decrease was found after treatment with acetylcholine plus eserine, but not with acetylcholine alone or with curare.
Using fixed and stained preparations, both Bazanova et al. (13) (45, 78, 206, 216, 227, 228) have been attempting to isolate and purify the receptor molecule(s).
In the long run such experiments should provide important structural information about transmitter action.
IV. POSSIBLE APPLICATION
A large part of this review has been concerned with the use of optical studies as a way to find out about changes in neuron structure.
But Figures 2, 6 , and 10 were measured after averaging between 4 X lo3 and lo4 sweeps. Such signal-to-noise ratios are really too small to be useful in an optical potentiometer.
However, during the study of fluorescence changes we have found several dves that give larger signals. Figure 16 illustrates the results of a voltage- 
